Pneumonia is caused by both viral and bacterial pathogens and is responsible for a significant health burden in the Unites States. The innate immune system is the human body's first line of defense against these pathogens. The recognition of invading pathogens via pattern recognition receptors leads to proinflammatory cytokine and chemokine production, followed by recruitment and activation of effector immune cells. The nonspecific inflammatory nature of the innate immune response can result in immunopathology that is detrimental to the host. In this review, we focus on one class of pattern recognition receptors, the nucleotide-binding oligomerization domain (NOD)-like receptors, specifically NOD1 and NOD2, and their role in host defense against viral and bacterial pathogens of the lung, including influenza, respiratory syncytial virus, Streptococcus pneumoniae, Chlamydophila pneumoniae, and Staphylococcus aureus. It is hoped that improved understanding of NOD1 and NOD2 activity in pneumonia will facilitate the development of novel therapies and promote improved patient outcomes.
Pneumonia is responsible for considerable morbidity and mortality in the United States (1). The annual incidence of communityacquired pneumonia (CAP) requiring hospitalization in the United States is 24.8 cases per 10,000 adults (1) . For patients requiring hospital admission, a rigorous diagnostic evaluation will fail to identify a causative pathogen in a majority of cases. In the recent Etiology of Pneumonia in the Community (EPIC) study, a prospective, population-based study of hospitalized adults with CAP, only 38% of patients had a detectable pathogen identified, of which 27% were viral and 14% were bacterial in origin, respectively. Human rhinovirus, influenza virus, and human metapneumovirus were among the most common viral pathogens detected, whereas Streptococcus pneumoniae, Mycoplasma pneumoniae, and Staphylococcus aureus were among the most common bacterial pathogens (1) .
Even when a causative organism is identified and the appropriate therapy is initiated, pneumonia can be fatal. According to the 2014 national vital statistics report, pneumonia continues to be the leading cause of death from an infectious disease in the United States, with a death rate of 17.3 per 100,000 persons (2) . Likewise, the economic burden of pneumonia is substantial, with more than $17 billion spent each year (3) . The morbidity and mortality is related in part to the virulence of the infecting organism, but another important contributing factor is the immunopathology caused by the nonspecific inflammatory nature of the innate immune system's response to these pathogens (4) . This phenomenon was demonstrated effectively by Cheng and colleagues with a transgenic mouse model in which lung epithelial cells underwent selective activation of nuclear factor-kB (NF-kB), a common downstream transcriptional activator that drives the proinflammatory response of the innate immune system. This activation resulted in high-protein pulmonary edema, neutrophilic lung inflammation, hypoxemia, and death, all in the absence of an infectious insult (5) . Furthermore, inhibition of NF-kB in lung epithelial cells prevented gramnegative bacterial LPS-induced lung inflammation and injury (5) . These findings support the premise that the host's inflammatory response contributes to the injurious nature of pneumonia, irrespective of the pathogenicity of the invading organism.
To improve the pneumonia-related mortality rate and its associated economic burden, it is imperative that we better understand this potentially deleterious inflammatory response of the innate immune system and how in a subset of pneumonia patients it may contribute to excessive inflammation and worse outcomes. Moreover, it will be critical that future studies aim to elucidate whether targeted interruption of innate immunity signaling pathways or individual cytokines can protect the host from this immunopathology.
Pulmonary Innate Immunity
The lungs represent the largest epithelial surface area to come into contact with environmental foreign substances and microbes. The innate immune response is the nonspecific first line of defense against these potential pathogens. Although they are important to pathogen control, the nonspecific nature of the innate immune effectors can result in significant immunopathology.
The innate immune system is composed of the physical and chemical barriers that impede the entry of invading organisms, as well as the immune cells and their effector cytokines and chemokines. Respiratory epithelial cells provide the primary mechanical barrier between the atmosphere and the pulmonary parenchyma. Secreted mucins form a mucoid layer that lies on top of the epithelium and acts to disrupt microbial binding to the epithelial cell surface and to promote mucociliary clearance. In addition to providing a structural barrier to invading pathogens, epithelial cells secrete microbicidal substances, including lactoferrin and lysozyme, which destabilize the bacterial cell wall. These promote bacterial cell degradation and secretion of immunoglobulin A, which is important in blocking bacterial entry and in the neutralization of toxins and viruses (6) (7) (8) .
A microbe that is able to escape the physical and chemical defense mechanisms of the branching conducting airways will ultimately reach the end-respiratory unit, the alveoli, where type II epithelial cells produce pulmonary surfactant. Surfactant proteins SP-A and SP-D have been recognized as important mediators of innate immunity, enhancing alveolar macrophage opsonization as well as modulating the inflammatory response to viral infection (9) .
The Role of Pattern Recognition Receptors in the Pulmonary Innate Immune Response
The conducting airway cells and the alveolar type II epithelial cells not only provide a physical barrier and produce protective secretory chemicals, but also express germline-encoded pattern recognition receptors (PRRs). These PRRs detect conserved microbial components called pathogen-associated molecular patterns as well as host-derived danger-associated molecular patterns after tissue injury (10, 11) . Binding of pathogen-associated molecular patterns or danger-associated molecular patterns to PRRs promotes a downstream inflammatory response involving cytokine/chemokine production as well as the up-regulation of adhesion molecules required for the influx of inflammatory cells such as neutrophils (11) .
The three classes of PRRs are the membrane-bound Toll-like receptors (TLRs), the intracellular retinoic acidinducible gene (RIG)-1-like receptors (RLRs), and the nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) (12) . The TLRs are the most extensively studied PRRs. They reside on the cell surface and within endosomes and are responsible for recognizing microbial and self ligands including LPS, peptidoglycan (PGN), flagellin, RNA, and the unmethylated cytosine and CpG (unmethylated cytosine and guanine separated by one phosphate) DNA of viruses and bacteria (13) (14) (15) (16) . Unlike the TLRs, the RLRs and the NLRs are cytoplasmic PRRs. RLRs are well recognized for their important role in viral RNA detection and the subsequent activation of the innate and adaptive immune responses (11) . In recent years, emerging data have allowed clearer elucidation of the role of the cytoplasmic NLRs, including their function in pulmonary infections.
NOD-Like Receptors
There are .20 receptors in the NLR family, all of which share three structural domains: a carboxy terminal leucine-rich repeat (LRR), which is responsible for the detection of conserved microbial motifs; the central NOD domain, which promotes self-oligomerization; and the N-terminal effector domain (17, 18) . The NLRs are further classified into four groups on the basis of their N-terminal effector domain: the transactivator activation domain containing NLRAs, the baculovirusinhibitor-of apoptosis repeats (BIR) containing NLRBs or neuronal apoptosis inhibitor proteins (NAIPS), the caspaserecruitment domain (CARD) containing NODs or NLRCs, and the pyrin domain containing NLRPs (NACHT, LRR, and PYD domain-containing proteins, also called NALPs) (19) (Figure 1 ).
In the steady state, the carboxy terminal LRR binds to the NOD domain to prevent self-oligomerization and thus autoactivation (20, 21) . Once a PAMP is recognized by the C-terminal LRR, a conformational change occurs that allows self-oligomerization of the NOD domain (22) . This results in the exposure of the effector domain, which promotes the recruitment and activation of the effector molecules.
Bacterial Activation of the NOD1/NOD2 Directed Innate Immune Response
There are two main CARD-containing NODs, NOD1 and NOD2. Although NOD1 and NOD2 share similar structure, they differ in their activating ligands and in the role they play in pulmonary immunity. NOD1 is expressed ubiquitously, with recognized expression in the human lung epithelium (23) . It is activated by PGNderived peptides containing g-D-glutamylmeso-diaminopimelic acid (iE-DAP), which is found in many gram-negative bacteria as well as some gram-positive bacteria (24, 25) . NOD2 expression has been confirmed in phagocytic cells including, macrophages, monocytes, and dendritic cells, as well as in the lung epithelium and in Paneth cells of the small intestine (26) (27) (28) . NOD2 is activated by muramyl-dipeptide MurNAc-L-Ala-D-isoGln (MDP), a conserved PGN found in almost all bacteria (25, 27) .
Both intracellular and extracellular pathogens have been recognized as activating the cytoplasmic NLRs. The exact mechanism by which the extracellular pathogen NOD ligands obtain access to the intracellular compartment to activate these NLRs is not completely clear. Host cell phagocytosis of the pathogenic bacteria may be one mechanism that permits iE-DAP and MDP to be sensed by cytosolic NOD1 and NOD2, respectively (29) . But there is also new evidence by Ismair and colleagues that suggests that the NOD2-activating ligand MDP can enter epithelial cells via an active transport mechanism, the peptide transporter hPepT1, which is specific for MDP and does not have the capacity to transport the NOD1-activating ligand iE-DAP (30) . Outer membrane vesicles, which are shed naturally from gramnegative bacteria, have also been recognized recently for their ability to enter nonphagocytic epithelial cells and activate the NOD1 signaling pathway (31, 32) . More research is necessary to expound on alternative mechanisms of NOD ligand transport into the intracellular space.
After ligand binding, the hemophilic CARD-CARD interaction of NOD1 and NOD2 results in the recruitment of receptor interacting protein 2 (RIP2) (also called RIP-like interacting CLARP [caspase-like apoptosis-regulatory protein] kinase), a serine-threonine kinase (22, 33, 34) . The interaction of RIP2 with the effector domain of NOD results in the ubiquitination of RIP2, with the resulting activation of downstream NF-kB, mitogenactivated protein kinase, extracellular signal-regulated kinase, and c-Jun N-terminal kinase (27, (35) (36) (37) (38) (39) (Figure 2 ). It was established by Kobayashi and colleagues that the presence of RIP2 is essential for the NOD-specific bacterial activation of NF-kB (36) . NOD1-and NOD2-mediated activation of NF-kB was completely eliminated in mouse embryonic fibroblasts deficient in RIP2. The subsequent ectopic expression of RIP2 in these fibroblasts resulted in the restoration of NOD-mediated NF-kB signaling (36) . It was similarly shown by Chin and colleagues that mice deficient in RIP2 do not activate NF-kB in response to NOD1 or TLR4 signaling (33) . NF-kB signaling is responsible for the upregulation of proinflammatory molecules and neutrophilic lung inflammation (40, 41) . When this signaling pathway is inhibited in the airway epithelium, there is a reduced inflammatory response and an increased susceptibility to infection to certain pulmonary pathogens including Chlamydophila pneumoniae, Escherichia coli, and Acinetobacter baumannii (42) (43) (44) (45) .
NOD1 activation via NOD1-specific stimulatory synthetic compounds results in the production of chemokines and the recruitment of neutrophils (46) . It is well recognized that NOD1 knockout mice have increased vulnerability to several pathogens, including C. pneumoniae, Shigella flexneri, enteroinvasive E. coli, Campylobacter jejuni, and Listeria monocytogenes (38, 47, 48) .
Similarly, NOD2 activation by MDP results in the induction of multiple downstream cytokines (tumor necrosis factor [TNF]-a, IL-1a, and IL-1b), chemokines (IL-6 and granulocytemacrophage colony-stimulating factor), and adhesive molecules (ICAM1, CD44, and TNFAIP6), all of which are critical for the recruitment and activation of inflammatory cells (49) (50) (51) . NOD2 is involved in the response to many bacterial pathogens, including Mycobacterium tuberculosis, Salmonella enterica serovar Typhimurium, L. monocytogenes, S. pneumoniae, and S. aureus (47, 48, (52) (53) (54) .
Viral Activation of NOD2-Mediated Innate Immunity
Recently, there has been evidence to suggest that NOD2, unlike NOD1, is also involved in the innate immune response to RNA viruses (55) . The mechanism by which RNA viruses activate NOD2 remains elusive. Unlike bacteria, viruses do not contain the NOD2-activating ligand MDP, but data by Keestra-Gounder and colleagues suggest that endoplasmic reticulum (ER) stress, which can be seen after viral infection, may be responsible for the activation of this NOD2-mediated pathway (56) . ER stress causes activation of the inositol-requiring enzyme 1a transmembrane receptor, which recruits the TNF receptor-associated factor 2 (TRAF2) (56, 57) . Because NOD2 contains a major TRAF2 binding motif, it is plausible that an association between TRAF2 and NOD2 could stimulate downstream mediators to promote viral clearance and recovery. It was demonstrated by Keestra-Gounder that mice deficient in NOD1 and NOD2 have a diminished proinflammatory response when challenged with the ER stress inducer thapsigargin, as evidenced by decreased IL-6, macrophage inflammatory protein (MIP-1b), and keratinocyte chemoattractant (56) . It remains unclear whether this dampened proinflammatory response corresponds to worse outcomes after viral infection. Likewise, additional research is required to distinguish whether ER stress is uniquely responsible for the activation of NOD2 after viral infection or whether there are additional inducers of this pathway. It was observed by Sabbah and colleagues that viral single-stranded RNA (ssRNA) exposure results in NOD2-mediated activation of IFN regulatory factor 3 (IRF3), prompting its translocation to the nucleus, where it is responsible for the transcription of IFN-b (55) . In contrast to bacterial activation of NOD2, the innate antiviral activity of NOD2 does not require RIP2 to mediate its downstream mediators. NOD2 instead requires interaction with mitochondrial antiviral-signaling protein to promote this antiviral response (55) . Sabbah and colleagues went on to speculate that NOD2 can interact with either RIP2 or mitochondrial antiviral-signaling protein, depending on the stimulus, to activate NF-kB or IRF3, respectively (Figure 2 ). NOD2-deficient bone marrow-derived macrophages exposed to ssRNA viruses had 
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Legionella pneumonophila Chlamydophila pneumoniae Acinobacter baumannii Figure 2 . Activation of Nod-like receptors, NOD1 and NOD2, by bacterial and viral pathogens. Intracellular NOD1 and NOD2 detect bacterial peptidoglycan-derived peptides containing g-D-glutamyl-meso-diaminopimelic acid (iE-DAP) and the conserved peptidoglycan, muramyl-dipeptide MurNAc-L-Ala-D-isoGln (MDP), respectively. After activation, NOD1 and NOD2 recruit receptor interacting protein 2 (RIP2), a serine-threonine kinase that promotes the activation of downstream nuclear factor-kB (NF-kB) and mitogen-activated protein kinases (MAPKs), resulting in the production of proinflammatory cytokines, chemokines, and adhesion molecules. Although NOD2 can also be activated after infection with single-stranded RNA (ssRNA) viruses, the exact mechanism remains poorly elucidated. One potential mechanism includes viral-induced endoplasmic reticulum (ER) stress promoting activation of the inositol-requiring enzyme 1a (IRE1a) transmembrane receptor. IRE1a recruits the tumor necrosis factor receptor-associated factor 2 (TRAF2), which associates with the TRAF2 binding motif on NOD2, causing its activation. Activated NOD2 acts downstream on IFN regulatory factor 3 (IRF3), promoting its translocation to the nucleus, where it promotes transcription of the type 1 IFNs (IFN-a/b). MAVS, mitochondrial antiviral-signaling protein.
decreased IFN-b production. In addition, NOD2-deficient cells exposed to respiratory syncytial virus (RSV) and vesicular stomatitis virus produced higher viral titers than did NOD2-expressing cells, suggesting viral clearance is mediated in part by the activation of NOD2 (55) .
PRRs in Adaptive Immunity
Adaptive immunity provides a highly specific response to a precise pathogen and creates immunologic memory of that pathogen. Unlike innate immunity, the targeted response of T cells and B cells limits the potential for immunopathology. Dendritic cells serve as the bridge between the innate and the adaptive immune responses. Dendritic cells, with their dendrites extended between the pulmonary epithelial cells, survey the environment for pathogens (58) . Once a pathogen is encountered, dendritic cells phagocytose it and carry the associated pathogenic antigens on their major histocompatibility complex molecules to the peripheral lymphoid organs to stimulate T lymphocytes (59) . There is increasing evidence to suggest that the PRRs play a role in promoting this T-helper cell response. The organized migration of dendritic cells to their draining lymph nodes is mediated by the TLR-induced upregulation of the lymphoid chemokine receptors, with the concomitant downregulation of inflammatory chemokine receptors (60) . It was demonstrated by Schnare and colleagues that TLRs also play a role in the differentiation of naive T cells toward a Th1 response via TLR-induced cytokines. Mice deficient in MyD88, a downstream adapter protein of all TLRs, fail to activate the Th1 response when stimulated with TLR ligands (61) . The CARD-containing NODs are now being recognized as mediators in the adaptive immune response as well, although the spectrum of cellular processes involved in promoting this response is not well understood. NOD1 activation contributes to a predominately Th2 response, as demonstrated by Fritz and colleagues, who showed that the application of the NOD1-specific agonist FK156 resulted in increased expression of monocyte chemoattractant protein-1 (MCP-1), a chemokine important in the promotion of the Th2 response. This response was not present in NOD1-deficient mice (62) . When NOD1 is activated together with the TLRs, they work in synergy, causing an amplified NF-kB response that promotes the production of important cytokines, including IL-12, IL-1b, and IL-6, essential for the Th1 and Th17 immune response (62) .
NOD2 also contributes to the activation of the Th2 response. It was shown by Kobayashi and colleagues that NOD2-deficient mice demonstrate significantly decreased levels of antigenspecific immunoglobulin production after immunization with the NOD2-specific ligand, MDP (36) (63) . Future studies aimed at identifying the mechanisms by which NOD1 or NOD2 directly promote the activation of the adaptive immune response are needed.
Role of NOD in Specific Viral Pulmonary Infections
The innate immune response to viral infections has been attributed historically to the activation of the TLRs and RIG-like helicase receptors. Recently, the NLRs, namely, NLRP3 and NOD2, have been established as playing a role in the host's defense against viral pulmonary infections (4, 64). One of the first groups to demonstrate NOD2 activation after viral ssRNA exposure was Sabbah and colleagues (55) . NOD2 is now recognized as an important component of the innate signaling pathway, responsible for the synthesis of type 1 IFNs (IFN-a and  IFN-b) , which are vital in the production of proinflammatory cytokines and the restriction of viral replication (55) . The most compelling data supporting the role of NOD2 in viral respiratory infections have been in the setting of influenza and RSV infections (Table 1) .
Influenza Virus
Influenza A virus (IAV) is a negative-sense ssRNA virus that is highly contagious and is responsible for .200,000 hospitalizations per year in the United States (65) . It was demonstrated by Sabbah and colleagues that NOD2-deficient cells stimulated with IAV had a diminished IFN-b response.
This was also confirmed in vivo, with decreased IFN-b production in the bronchoalveolar lavage (BAL) fluid of IAVinfected NOD2-deficient mice (55) . These findings were supported by Lupfer and colleagues, who showed that NOD2-deficient mice were more susceptible to IAV infection, with these mice having higher viral titers and lower IFN-b levels at all time points (66) . In addition, the study by Lupfer and 
1 T cell response (66) . Further supporting the role of NOD2 signaling in response to IAV infection, Sabbah and colleagues showed an increase in NOD2 expression after infection of human lung epithelial A549 cells with synthetic ssRNA (55) . In contrast, Wu and colleagues did not show an induction of NOD2 after infection of human type II alveolar epithelial cells at 24 hours after IAV infection (67) . One possible reason for these inconsistent findings is treatmentrelated differences (i.e., synthetic ssRNA versus live IAV). Another possibility is that increases in NOD2 expression follow an early time course after infection. Indeed, Sabbah and colleagues identified peak NOD2 expression at 6 hours after ssRNA treatment, with decreased expression by 24 hours (55). This may have been the reason for the null results found by Wu and colleagues (67) . Collectively, the data suggest that NOD2 contributes to viral clearance and improved survival after IAV infection by promoting an early IFN-b inflammatory response and by establishing optimal adaptive immunity through dendritic cell priming of CD8 1 T cells.
RSV
RSV is a negative-sense ssRNA virus that can cause pneumonia in children and immunosuppressed adults (68) . It was documented by Sabbah and colleagues that RSV infection induces NOD2 expression in human bronchial epithelial cells. The upregulation of NOD2 expression occurred early after infection with RSV. RIG-1, the PRR historically accredited for its role in promoting the antiviral innate immune response, was detectable at later time points 78, 79 G-CSF (9 h) IL-1b (9 h) IL-12 (9 h) IL-13 (9 h) Eotaxin (9 h) TNF-a (9 h) IL-1a (9 h) IL-18 (9 h) IL-6 (9 h) MCP-1 (9 h) MIP-2 (9 h) ↓ IL-1b (4 h) KC (4 h) ↑ IL-6 (24 h) NOD2 KO ↔ (4 h, Days 1, 3, 30) ↑ IL-6 (4, 24 h) Decreased at 9 h; increased at 24 h MCP-1 (4, 24 h) IL-1b (24 h) RIP2 KO ↓ KC (9 h) Decreased at 9 h IL-6 (9 h) G-CSF (9 h) Definition of abbreviations: BAL, bronchoalveolar lavage; CCL2, chemokine (C-C motif) ligand 2; G-CSF, granulocyte colony-stimulating factor; IP-10, interferon g-inducible protein 10; KC, keratinocyte chemoattractant; KO, knockout; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; NOD, nucleotide-binding oligomerization domain; RANTES, regulated upon activation, normal; RIP, receptor interacting protein.
Arrows indicate levels relative to wild-type mice: (↓) decreased, (↑) increased, (↔) similar levels between wild-type and KO mice; empty boxes indicate no available data. than was NOD2. These findings suggest that NOD2 is critical in the early antiviral response, whereas RIG-1 plays a role in the later response (55) . Knockdown of NOD2 via small interfering RNA (siRNA) results in dampened early IFN-b production and higher RSV titers than in NOD2-expressing cells after infection, suggesting that viral clearance is mediated in part by the activation of NOD2 (55) . These findings were confirmed in vivo, where the BAL fluid of NOD2-deficient mice infected with RSV had increased cytokine and chemokine levels and increased histologic lung inflammation on Days 3 and 5 after infection (55) . NOD2-deficient mice also demonstrated increased morbidity and mortality after RSV infection (55) .
The type I IFN response to RSV was identified by Vissers and colleagues as resulting in the up-regulation of NOD2 expression (69) . This amplified expression was associated with increased signaling through the NOD2 pathway when the host was exposed subsequently to a secondary bacterial infection. This NOD2-specific synergy results in an increase in proinflammatory cytokine production and potentially contributes to the increased severity and lethality of postviral pneumonia superinfection (69) . The findings of Vissers and colleagues (69) likely apply to other viral infections, as supported by the conclusions of Kim and colleagues, who demonstrated that type I IFNs induce the expression of both NOD1 and NOD2 (70) . Mice treated previously with poly(I:C), a synthetic analog of double-stranded RNA, have increased susceptibility to secondary bacterial infection with E. coli and intranasal Pseudomonas aeruginosa (70) . The increased mortality induced by previous poly(I:C) exposure was associated with increased levels of TNF-a. Mice deficient in both NOD1 and NOD2 did not experience this same increased mortality and had lower levels of TNF-a (70) .
NOD2 signaling in RSV infection, as in IAV infection, results in improved viral clearance via the up-regulation of IFN-b production and limits the inflammatory parenchymal damage and its associated morbidity and mortality. Furthermore, the type I IFN response of NOD2 potentiates increased NOD2 expression, which may result in increased immunopathology in the event of a superinfection.
Role of NOD in Specific Bacterial Pulmonary Infections
There is now sound evidence to support the importance of NLRs, specifically NOD1 and NOD2, in the body's immune response to bacterial pulmonary infection. Several studies have attempted to clarify the NODspecific contributions to distinct bacterial pulmonary pathogens, some of which are reviewed here (Table 1 ).
S. Pneumoniae
S. pneumoniae is the leading bacterial cause of CAP (1) . The amplified expression of NOD2 after pneumococcal infection was demonstrated by Opitz and colleagues (23) . The activation of NOD2 by S. pneumoniae mediates downstream NF-kB activity and contributes to the generation of important cytokines and chemokines, including IL-8 and granulocyte-macrophage colonystimulating factor (23, 71) . Details of this extracellular pathogen's activation of the intracellular PRR NOD2 was elucidated by Davis and colleagues, who demonstrated that lysozyme, a PGN-degrading enzyme expressed within pulmonary phagocytes, digests S. pneumoniae, producing pneumococcal PGN fragments that can be sensed by NOD2. These fragments gain access into the host cell cytosol via the S. pneumoniae virulence factor, the pore-forming pneumolysin (72) . NOD2-mediated expression of MCP-1 and IL-6 are important in the recruitment of monocytes/macrophages to the site of inflammation as well as in the differentiation of naive CD4 1 cells to Th17 cells, which contribute to the clearance of pneumococcal infection (72) .
The in vivo role of NOD2 during pneumococcal infection was first characterized by Hommes and colleagues. After intranasal infection with 10 7 colonyforming units (CFUs) of S. pneumoniae (D39 strain), IL-6 and MIP-2 levels were elevated in the lung homogenates of NOD2-deficient mice at 24 and 48 hours after infection compared with those of wild-type (WT) mice. This increase in proinflammatory cytokines and chemokines did not correlate with increased neutrophil recruitment or improved bacterial clearance, as evidenced by similar bacterial loads in the blood, lung homogenates, and spleen between the NOD2-deficient mice and the WT mice at 6, 24, and 48 hours after infection. Likewise, there was no appreciable difference in histologic lung inflammation between the two groups, leading the authors to conclude that there was no clear role of NOD2 in the in vivo host defense against pneumococcal pneumonia (73) . It is plausible that the lack of appreciable difference between the two groups in this study was caused by redundant roles of the PRRs. TLR2 plays a well-established role in the clearance of pneumococcal infection. Davis and colleagues showed that mice lacking both TLR2 and NOD2 receptors were unable to clear S. pneumoniae 21 days after inoculation, whereas mice lacking only one of these receptors were able to clear the colonization without difficulty (72) . These findings suggest that NOD2 contributes to the proinflammatory cytokine response after infection with S. pneumoniae, but that its role is redundant. The TLR2 receptor is able to compensate in the absence of NOD2, leaving the host without obvious vulnerability to this pathogen.
C. Pneumoniae C. pneumoniae is a gram-negative obligate intracellular pathogen that is estimated to cause z10% of CAP cases each year (74) . C. pneumoniae can reside intracellularly for prolonged periods because of its unique life cycle. The bacterium enters the host cell as an elementary body via phagocytosis, but, unlike most phagocytosed organisms, it does not undergo fusion with lysosomes, with subsequent destruction. Instead, the elementary body transforms into a reticulate body and begins replication. C. pneumoniae is recognized by the innate immune system, triggering several PRRs, including TLR2, TLR4, NOD1, and NOD2 (42, 47) . In an in vivo murine model, Shimada and colleagues demonstrated that mice deficient in the downstream adaptor protein of NOD1 and NOD2, RIP2, had impaired early chemokine expression and decreased polymorphonuclear neutrophil (PMN) recruitment on Day 3 after infection with C. pneumoniae. This delayed PMN response correlated with a higher bacterial burden on Days 5 and 14 after infection (42) . In response to the higher bacterial burden in these mice, which lacked an intact NOD signaling pathway, there was a delayed and exaggerated production of cytokines and chemokines, with a subsequent increase in PMN recruitment that correlated with more severe lung inflammation, which persisted for up to 35 days after infection and was associated with increased lethality compared with WT mice (42) . Shimada and colleagues went on to demonstrate that the upstream receptors of RIP2, NOD1, and NOD2 play a role in the host recognition of C. pneumoniae, because mice deficient in NOD1 or NOD2 exhibited delayed bacterial clearance after C. pneumoniae infection (42) .
Legionella Pneumophila
Legionella pneumophila is a gram-negative facultative intracellular organism estimated to account for z4% of CAP cases (75) . Legionellosis can result in severe pneumonia; of those cases of reported legionellosis from 2011 through 2013, z40% had severe symptoms requiring intensive care unit admission, and 9% resulted in death (76) . L. pneumophila replicates intracellularly and uses the Dot/Icm Type IVB secretion system to deliver bacterial proteins into the host cell cytoplasm, where they are recognized subsequently by NLRs and contribute to cytokine/chemokine production and the subsequent neutrophil recruitment response (77) . Frutuoso and colleagues established that the dual deficiency of both NOD1 and NOD2 in a mouse model resulted in reduced neutrophil recruitment to the lung at 9 hours after infection with L. pneumophila. In concordance with this finding, mice deficient in RIP2, the downstream kinase of both NOD1 and NOD2, demonstrated an increase in pulmonary bacterial load on Days 2 and 4 after infection, although this increase was relatively small and of unclear clinical significance (78) . However, the deficiency of NOD1 or NOD2 alone did not hamper the animal's ability to clear the infection, as evidenced by similar pulmonary bacterial loads.
Berrington and colleagues documented similarly that mice deficient in either NOD1 or NOD2 had no significant differences from WT mice in L. pneumophila bacterial clearance at 4 and 24 hours after infection (79) . It was not until 72 hours after infection that the authors identified an increase in bacterial CFUs in NOD1-deficient mice, although this difference was small and of unclear clinical significance (79) .
Berrington and colleagues showed an impaired neutrophilic response in NOD1-deficient mice at 4 and 24 hours after infection (79) . However, unlike Frutuoso and colleagues (78) , they found that the blunted recruitment of neutrophils in NOD1-deficient mice was associated with significant improvement in histologic inflammation at 24 hours after infection, although this improvement was transient because it was no longer significant at 72 hours after infection. Interestingly, the NOD2-deficient mice had an increased neutrophilic response at 24 hours after infection, which did not correlate with a change in histologic inflammation (79) .
The lack of completely concordant results between the above-mentioned studies may be related in part to the fact that multiple PRRs, not only NOD, contribute to the innate host response to L. pneumophila. The TLR proteins, namely, TLR2, TLR5, and TLR9, have also been identified as contributors of host defense against L. pneumophila (80). Furthermore, the flagellin protein of L. pneumophila is sensed by the NLR protein NAIP5, which goes on to promote the physical interaction of NAIP5 with NLRC4 and subsequent inflammasome activation with cleavage of caspase-1 and production of IL-1b and IL-18 (81) .
RIP2 and MyD88, the downstream adapter proteins of the CARD-containing NODs and TLRs, respectively, both participate in the activation of NF-kB and play a cooperative role in cytokine/chemokine production and cellular recruitment after infection with L. pneumophila. To better understand the relative contributions and potential interactions of each of these PRRs in the host's response to infection with L. pneumophila, Archer and colleagues evaluated the immune response after intranasal infection with WT L. pneumophila, as well as a flagellin-deficient strain of L. pneumophila to circumvent activation of the NAIP5-NLRC4 pathway (82) . These two strains of L. pneumophila were administered to WT mice, as well as to mice deficient in the downstream adaptor protein to the TLRs, MyD88; mice deficient in the downstream adaptor protein to both NOD1 and NOD2, RIP2; and mice deficient in both MyD88 and RIP2 (82) . Their group established that mice that lacked signaling through NOD1 and NOD2 as a result of RIP2 deficiency did not experience hindered bacterial clearance or host susceptibility. When RIP2-deficient mice underwent infection with the flagellindeficient strain of L. pneumophila, thus bypassing the innate immune activity of NAIP5-NLRC4 as well, they continued to retain their ability to clear bacteria from the lung via MyD88 signaling alone. This finding suggests that TLR signaling via MyD88 plays a prominent role in pulmonary bacterial clearance of L. pneumophila. However, in the setting of MyD88 deficiency, NOD1 and NOD2 signaling through RIP2 plays an important role in host survival (82) . Together these findings indicate that the principle PRR response to L. pneumophila is the TLR response, yet the individualized roles of the other PRRs, including NOD1 and NOD2, contribute to the successful immune response to L. pneumophila.
S. Aureus
S. aureus, including methicillin-resistant S. aureus, is one of the leading causes of pneumonia in health care-exposed patients. S. aureus is an extracellular gram-positive organism that is recognized by NOD2 as well as the TLRs. Kapetanovic and colleagues showed that in TLR2-deficient mice exposed to S. aureus, adequate cytokine production relied on intact phagocytosis, so that intracellular sensing of whole microorganisms could activate the NOD pathway (83) . Interestingly NOD1, although it does not interact with grampositive PGN directly, also appeared to play a role in the activation of S. aureus-mediated NF-kB activity via the modulation of NOD2 activity (83) . Further in vivo studies by Kapetanovic and colleagues demonstrated that NOD2-deficient mice infected with 10 9 CFUs of intranasal S. aureus had a decreased inflammatory response, as evident by fewer inflammatory cells (neutrophils and leukocytes) in the BAL fluid at 48 hours after infection, as well as by decreased levels of inflammatory cytokines (IL-1b, IL-6, IL-10, and IFN-у) and chemokines (MIP-2 and keratinocyte chemoattractant) at the same time point (53) . The associated bacterial load in the BAL fluid at this time point was decreased compared with that in WT mice, but this improvement in bacterial clearance was not observed in the lung homogenate samples, which also failed to show a change in cytokine/chemokine concentrations between the two groups of mice. NOD2-deficient mice developed less severe histologic pulmonary lesions, but despite this, they had survival curves similar to those of WT mice (53) . One limitation of this study is that C57BL/6 mice are relatively resistant to S. aureus, rapidly clearing the pathogen; thus, this experiment required a high infectious dose (10 9 CFUs), which may limit its clinical relevance.
M. Tuberculosis
M. tuberculosis is an intracellular pathogen against which NOD-mediated innate immunity plays a significant role in host defense. M. tuberculosis is responsible for one of the most prevalent infections in the world. It has been well recognized that multiple TLRs serve a purpose in the recognition of M. tuberculosis. Recent research by Ferwerda and colleagues demonstrates a NOD-specific function that is nonredundant to TLR activation but can act in synergy with the TLRs to promote a strong inflammatory response (52). Brooks and colleagues showed that the knockdown of NOD2 expression via siRNA in human macrophages resulted in an increased intracellular bacterial burden (84) . Likewise, Divangahi and colleagues showed that NOD2-deficient alveolar macrophages and NOD2-deficient mice exhibit reduced cytokine production in the setting of M. tuberculosis (85) . In vivo NOD2 deficiency was not only associated with an impaired innate immune response as evidenced by the reduction in cytokines, but also led to altered adaptive immunity, which was associated with increased pulmonary bacterial burden at 6 months after infection, as well as increased lethality of chronic mycobacterial infection compared with WT mice (85).
A. Baumannii
A. baumannii is a gram-negative pathogen known to cause nosocomial pneumonia, which is often drug resistant and associated with high mortality. A. baumannii is an extracellular pathogen that can invade and survive intracellularly in lung epithelial cells and macrophages. As with many other gram-negative bacteria, TLR signaling has been identified after A. baumannii infection, but only recently was it recognized that in vitro infection of the human lung epithelial cell line A549 with A. baumannii resulted in up-regulation of RIP2 expression and activation of NF-kB (44) . Furthermore, knockdown of NOD1 and NOD2 by siRNA in lung epithelial cells resulted in increased intracellular bacterial loads. This finding was cell type specific, because similar knockdown experiments in THP1 cells and in bone marrow-derived macrophages from NOD2 knockout mice did not show a change in intracellular survival or bacterial levels (44) .
Conclusions
There is now significant research demonstrating the important roles of NOD1 and NOD2 in the recognition of bacterial and viral pathogens. This recognition drives the host's innate response via the activation of the NF-kB and IRF3 pathways, respectively, and also potentially aids in shaping the adaptive host defense. From the currently available research on bacterial pneumonia, it is clear that in some bacterial infections, specifically C. pneumoniae, M. tuberculosis, and A. baumannii, the complete deficiency of NOD1 or NOD2 results in fewer inflammatory cell infiltrates and a higher bacterial burden in the lungs, suggesting that the presence of NOD signaling is crucial to the host defense against these pulmonary pathogens. Conversely, in S. pneumoniae and L. pneumophila infection, the proinflammatory response of NOD appears to be redundant to that of the TLRs, and NOD deficiency has little influence on the host's ability to fight the infection (Table 1) . What drives the interaction between the TLRs and the NLRs remains poorly understood, and future studies will be crucial to enhance our comprehension of the regulatory networks that control the dominant PRR response after infection.
The available data suggest that in viral pneumonia, complete deficiency of NOD2 results in impaired early viral clearance and increased lethality. Some of these poor outcomes may be related to the dwindled population of antigen-presenting dendritic cells and the diminished ability to prime the adaptive immune response. Interestingly, increased NOD2 expression after viral infection may provide a potential explanation for the increased immunopathology and lethality of bacterial superinfections that follow viral infection. Thus, although it is evident that the complete absence of NOD signaling can be detrimental to the host, these findings would suggest that too much NOD signaling is also detrimental. Exactly how NOD signaling and the innate immune response are regulated and what upstream modulators control the positive and negative regulation of this signaling pathway are still to be determined. Many questions remain to be answered, including whether it is possible to modulate the activity of NOD and the other PRRs to minimize immunopathology while allowing adequate pathogen control. Recent work has established the ability of nanoparticle delivery of NOD ligands to promote immunostimulatory properties including the up-regulation of proinflammatory cytokines (86) . It remains to be seen whether a similar approach can be used to down-regulate this signaling pathway, which could potentially improve patient outcomes by decreasing the likelihood of innate immunity-mediated immunopathology after pulmonary infection. n Author disclosures are available with the text of this article at www.atsjournals.org.
